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A B S T R A C T

We report on a first-principles study of the electronic and transport properties of pristine, B-, C-, N-, O-doped
blue phosphorene (BlueP) with the adsorption of gas molecules NH3, NO, NO2, CO, and CO2. The adsorption
distances, adsorption energies, charge transfer, density of states (DOS), and transmission spectra of these gas
molecules on molecules on doped as well as undoped BlueP is systematically investigated in this work. Our
calculations show that the adsorption energy of NO and NO2 on pristine BlueP is the largest among the con-
sidered gas molecules, suggesting that pristine BlueP is more sensitive to these two gases. The results indicate
that the pristine BlueP exhibits a weak sensitivity to NH3 and CO molecules, while B-doped BlueP strongly
adsorbs NH3 and CO by way of strong chemical bonds. C-doped BlueP can enhance the sensitivity to NH3 gas
molecules. The current-voltage (I-V) characteristics of the sensors are calculated using non-equilibrium the
Green’s function (NEGF) formalism. Theses sensors show characteristic responses along both the zigzag and the
armchair directions depending on the type of the gas molecules.

1. Introduction

Sensing toxic gas molecules is critical in environmental pollution
monitoring, control of chemical processes, and agricultural and medical
applications [1]. Two-dimensional (2D) materials offer great potential
applications for gas sensing due to their unique properties and large
surface-to-volume ratio [2]. Phosphorene, a new 2D material, has re-
cently been exfoliated by mechanical cleavage of black phosphorus, the
most stable allotrope of the element phosphorus in ambient condition
[3]. The high hole carrier mobility and direct band gap of phosphorene
promise new applications in electronics and optoelectronics [4–11].
First-principles calculations indicate that adsorption of gas molecules
such as NO2, NO, NH3 and SO2 induces appreciable variations to the
electronic and transport properties of phosphorene [12–18], revealing
the promising sensing capability of this 2D material. Blue phosphorus, a
new allotrope of phosphorus, was first predicted by Zhu et al. in 2014
[19], and a molecular-beam epitaxial growth of its single layer on Au
(1 1 1) has been reported by Zhang et al. in 2016 [20]. It is an indirect
gap semiconductor with the band gap of about 2 eV [19]. Theoretical
studies have been carried out to investigate the interactions of blue
phosphorene (BlueP) with different molecules [21–23], however, the
effect of such molecules on transport properties of BlueP is still lacking.

In this work, we investigate sensing performance of pristine, B-, C-,
N-, and O- doped BlueP exposed to five gas molecules (NH3, NO, NO2,
CO, and CO2). Our first-principles calculations reveal that gases induce
recognizable states in the density of states (DOS). The current-voltage
(I-V) characteristics of the BlueP and doped systems are calculated
before and after gas absorption using a non-equilibrium Green’s func-
tion (NEGF) formalism. The results indicate that the adsorption of
various gas molecules induce remarkable variations in I-V character-
istics which renders BlueP and doped systems as a promising candidate
for novel gas sensors.

2. Methods

Structural relaxation and electronic calculations are performed by
first-principles calculations based on the density functional theory
(DFT) as implemented in the SIESTA program package [24]. The gen-
eralized gradient approximation (GGA) with the Perdew-Burke-Ern-
zerhof (PBE) exchange–correlation functional is employed [25]. To
describe the Van der Waals interactions between substrates and gas
molecules and to achieve accurate results, the DFT-D2 method of
Grimme is implemented [26]. The double zeta polarization (DZP) basis
set is used to optimize all the systems. During the optimization, all
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atoms in the unit cell are relaxed until the residual force on each atom is
smaller than 0.01 eV/Å. The mesh cutoff energy is chosen to 150 Ry.
The 3× 3 rectangular supercell with 36 atoms is used to simulate the
pristine BlueP. A vacuum region of 15 Å is added to avoid interaction
between the neighboring layers. The mesh for the geometry optimiza-
tion is set to 3× 3×1 and for the electronic structure calculations to
9× 9×1.

Since NO and NO2 molecules are paramagnetic, spin polarization is
considered for the calculations. To characterize the interaction strength
between the molecule and the studied structure, the adsorption energy
(Eads) is defined as the energy of the fully relaxed pristine or doped
BlueP with a gas molecule adsorbed (EBlueP+gas) minus the energy of the
isolated pristine or doped BlueP (EBlueP) and an isolated gas molecule
(Egas), Eads= EBlueP+gas – EBlueP− Egas [12]. The electronic transport
properties are calculated with the TRANSIESTA package based on the
NEGF method [27]. The current through the contact region is obtained
by the Landauer–Büttiker formula [28].

3. Results and discussions

After substituting B, C, N, and O dopants in pristine BlueP, all the
systems are fully relaxed. The results are well consistent with those in
previous reports [29,30]. To explore the relative stability of the doped
systems, the formation energy (Ef) is defined as:

= − × −μE E n Ef ds P d

where Eds is the total energy of doped system, EP is the energy of a
single P atom in the pristine BlueP, n stands for the number of P atoms
in the doped system, and µd is the chemical potentials of a doping atom,
respectively [31]. The formation energies of 0.66, 2.14, 1.02, and
−1.10 eV are obtained for B-, C-, N-, and O- doped BlueP systems, re-
spectively. The calculated formation energies indicate that the con-
sidered structures are stable.

For each adsorption configuration, the initial distance between a gas
molecule and the substrate is chosen as 2.0 Å. The adsorption distance,
defined as the shortest atom-to-atom distance between a gas molecule
and the substrate, is calculated, see Fig. 1. For the system NO molecule
on pristine BlueP, the adsorption distance of 1.78 Å is obtained. The
adsorption distances of 2.74 Å, 2.87 Å, 2.51 Å, and 2.43 Å are calculated
for NH3, CO2, CO, and NO2, respectively. The smaller adsorption dis-
tance indicates a stronger interaction. The adsorption distances of 1.08,
0.98, 0.89, and 0.99 Å are calculated for NH3, CO, NO, and NO2 on B-
doped BlueP systems, respectively, which are within the sum of cova-
lent atomic radii of B-N (1.57 Å), B-C (1.59 Å), and B-O (1.55 Å)
[21,32]. Therefore, chemical bonds form between the B-doped BlueP
system and these gas molecules. For the case of the CO2 gas molecule,
no chemical bonds form because the adsorption distance of 1.78 Å is
larger than the sum of the corresponding atom covalent radii (1.59 Å).

The adsorption of the NO and NO2 gas molecules on the C-doped
BlueP results in chemisorption and chemical bonds form because the
adsorption distances of 0.92 and 1.08 Å are notably smaller than the
sum of the corresponding atom covalent radii (1.52 Å). The results for
the NH3, CO, and CO2 gas molecules indicate the adsorption distances
of 1.94, 1.69, and 2.21 Å, respectively. For the systems NH3, CO, CO2,
and NO2 on N-doped BlueP, the adsorption distances of 1.92, 2.00,
2.32, and 1.96 Å are obtained, respectively, which are significantly
larger than the sum of covalent atomic radii of N-N (1.50 Å), and N-C
(1.52 Å). Thus, chemical bonds are not formed in such systems. The
nearest distances of NH3, CO, CO2, NO, and NO2 adsorbed on O-doped
BlueP are 1.47, 2.01, 2.31, 1.84, and 2.06 Å, respectively, which are
remarkably larger than the sum of covalent atomic radii of O-H
(1.11 Å), O-C (1.50 Å), and O-N (1.48 Å). Therefore, no chemical bond
is expected to form.

According to its definition, the negative adsorption energy implies
that the adsorption of gas molecules on BlueP and doped systems is
energetically favorable [2]. The obtained adsorption energies are dis-
played in Fig. 2. As can be seen, Eads is drastically affected by dopants.
In comparison with the pristine BlueP system (Eads=−0.131 eV), Eads
of B- and C-doped BlueP (−1.414 and −0.164 eV, respectively) in-
creases with adsorption of NH3. The calculations show low Eads for CO
on all doped systems (except for CO gas molecule on B-doped BlueP).
Therefore, such doped systems are not suitable candidates for CO gas
molecule detection. It can be seen that all the adsorption energies of NO
are negative indicating that such systems are energetically suitable
candidates for NO gas molecule detection. For NO2 on C- and B-doped
BlueP systems, the adsorption energies become larger than that of
pristine BlueP, and a covalent bond is formed between the N and do-
pants. As it can be seen in Fig. 2, the adsorption energies of N- and O-
doped BlueP systems are lower than that of pristine BlueP. To explore
the coverage effect, we consider one NO molecule adsorbed on the
2×2 and 4×4 supercells of BlueP. The interaction between NO mo-
lecule and the BlueP is slightly changed with coverage, resulting in
similar Eads (Table 1) and bandgap value.

To further investigate the adsorption process, we have calculated
the charge transfer between substrates and gas molecules, see Table 2.
The positive charge transfer values denote electron transfer from the
substrates to gas molecules, while the negative charge transfer values
express electron transfer from gas molecules to the substrates [23].
There is a strong correlation between the adsorption energy and the
value of charge transfer. The adsorption of NO induces the largest
charge transfer (0.208 e) and large adsorption energy (−0.216 eV)
among the five considered gas molecules, indicating that the pristine
BlueP has the highest sensitivity to NO. Furthermore, the pristine BlueP
is sensitive to NO2 molecules with relatively large charge transfer
(0.189 e) and the largest adsorption energy (−0.484 eV). NH3 and CO2

exhibit smaller charge transfer (−0.021 and 0.032 e, respectively) and

Fig. 1. The absorption distance of gas molecules on BlueP and its doped systems.
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larger adsorption distances in contact with the pristine BlueP. For the
case of CO, the charge transfer increases slightly (0.046 e) which is
higher than CO2.

The noticeable charge transfer of 1.074, 0.904, and 0.756 e are
obtained from B-doped BlueP substrate when exposed to NO2, NO, and
CO, respectively. The smallest amount of charge (0.026 e) transfers
from B-doped BlueP substrate to the CO2 gas molecule. The charge
transfer of 0.135 e is observed for the NH3 gas molecule. The calcula-
tions indicate high charge transfer of 0.521 and 0.383 e from the C-
doped BlueP system to the NO2 and NO gas molecules, respectively. The
amount of charge that is transferred from the NH3 gas molecule to the
C-doped BlueP is 0.041 e. Besides, the charge transfer of 0.075 e
(−0.051 e) is calculated for NO (NH3) gas molecule on N-doped BlueP
system. The NO gas molecule act as an electron donor and transfers
0.076 e to the O-doped BlueP substrate.

Next, we calculate the density of states (DOS) and the projected DOS
to explore the effects of gas adsorption on the electronic properties of
pristine BlueP and its doped systems. Fig. 3(a) exhibits the DOS of the
pristine BlueP before gas adsorption. For BlueP the DOS are negligibly
changed in the presence of CO2, which is consistent with its small
charge transfer and adsorption energy (−0.104 eV), as shown in
Fig. 3(b). However, as seen in Fig. 3(c), the adsorbed CO molecule

induces defect states in the gap. The adsorption of NH3 gas molecule
induces a defect peak at ∼−0.75 eV in the DOS (Fig. 3(d)). The ad-
sorption of paramagnetic gas molecules NO and NO2 on pristine BlueP
makes considerable changes in DOS near the Fermi level which results
in a magnetic moment of 1 μB, see Table 2. The results are in good
agreement with previous studies [13,23].

The DOS of B-doped BlueP system before gas adsorption is pre-
sented in Fig. 4(a). Because of the large adsorption distance, the small
amount of charge transfer, and the low adsorption energy, no interac-
tion between CO2 and B-doped BlueP is expected, see Fig. 4(b). The
adsorption of CO molecule causes a sharp peak around 1.63 eV in the
DOS (Fig. 4(c)). Fig. 4(d) presents the DOS for the NH3 molecule on B-
doped BlueP. It can be seen that the adsorbed NH3 induces some states
at the lower-lying valence bands around −1 eV. By contrast, the ad-
sorption of paramagnetic molecules NO and NO2 induces a magnetic
moment of 1 µB (Table 2). The adsorption of NO molecule gives rise
several states of spin up and spin down, respectively, see Fig. 4(e). As
shown in Fig. 4(f), there are obvious modifications of the DOS near the
Fermi level for the adsorbed NO2.

We depict the DOS for C-doped BlueP before gas adsorption in
Fig. 5(a). The calculations show a magnetic moment of 1 µB for this
system, see Table 2. The DOS of C-doped BlueP are insignificantly
changed in the presence of CO2 and CO, which is consistent with their
small charge transfer and low Eads, see Fig. 5(b) and (c). The adsorbed
NH3 induces some states over a wide energy range of −1 eV to −2 eV
below the Fermi level (Fig. 5(d)). The adsorption of paramagnetic
molecules NO and NO2 modifies DOS near the Fermi level and induce
the zero magnetic moment, as demonstrated by Table 2. For the system
with adsorbed NO molecule, two defect states appear at energies near
−0.6 and 0.6 eV, respectively (Fig. 5(e)). Because of the largest ad-
sorption energy among the all studied systems, NO2 modifies the DOS of
C-doped BlueP, see Fig. 5(f).

The DOS of N-doped BlueP system before gas adsorption is illu-
strated in Fig. 6(a). Because of the large adsorption distance, the low
charge transfer and the low adsorption energy, the adsorbed CO2 and
CO have no significant impact on the DOS of N-doped BlueP, see

Fig. 2. The adsorption energies for several gas molecules on BlueP and its doped systems.

Table 1
The adsorption energy (Eads) of a single NO molecule adsorbed on BlueP and its
doped systems with different supercell sizes.

NO Supercell

2x2 3x3 4x4

Eads (eV) Eads (eV) Eads (eV)

Pristine BlueP −0.219 −0.216 −0.223
B-doped BlueP −1.369 −1.371 −1.362
C-doped BlueP −1.421 −1.387 −1.478
N-doped BlueP −0.222 −0.148 −0.249
O-doped BlueP −0.191 −0.136 −0.203

Table 2
The charge transfer (Q), band gap (Eg), and Magnetic moment (M) of gas molecules on BlueP and its doped systems.

Gas molecule Pristine BlueP B-doped BlueP C-doped BlueP N-doped BlueP O-doped BlueP

Q(e) Eg(eV) M(μB) Q(e) Eg(eV) M(μB) Q(e) Eg(eV) M(μB) Q(e) Eg(eV) M(μB) Q(e) Eg(eV) M(μB)

None – 1.98 0 – 1.43 0 – 0.36 1 – 1.26 0 – 0.44 1
NH3 −0.021 1.78 0 0.135 1.89 0 −0.041 0.32 1 −0.051 1.16 0 −0.064 0.42 1
CO 0.046 1.86 0 0.756 1.93 0 0.064 0.33 1 0.045 1.18 0 0.023 0.36 1
CO2 0.032 1.98 0 0.026 1.47 0 0.042 0.36 1 0.033 1.29 0 0.026 0.39 1
NO 0.208 0.65 1 0.904 0.75 1 0.383 1.09 0 0.075 0.07 1 −0.076 0 1.6
NO2 0.189 0.71 1 1.074 0.12 1 0.521 1.77 0 0.111 0.90 1 0.085 0.44 2
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Fig. 6(b) and (c). The adsorption of NH3 induces some states over a
wide energy range of −0.5 eV to −2 eV below the Fermi level, as
shown in Fig. 6(d). The adsorption of NO and NO2 molecules on N-
doped BlueP causes a magnetic moment of 1 µB, see Table 2. The ad-
sorbed NO gives rise one spin up impurity state near the Fermi level
(Fig. 6(e)). However, the adsorption of NO2 induces one spin down
impurity state at ∼0.5 eV, see Fig. 6(f). The spin-polarized DOS of O-
doped BlueP system before gas adsorption indicates that this system has
a magnetic moment of 1 µB (Table 2). The results indicate small charge
transfer and low adsorption energy for CO2, CO and NH3 adsorbent on
O-doped BlueP systems, therefor, the DOS remains unaffected near the
Fermi level, see Fig. 7(b)–(d). The adsorption of NO molecule induces
several distinct spin up and spin down states near the Fermi level, as
seen in Fig. 7(e). The results show one spin down impurity for O-doped
BlueP exposed to NO2 gas molecule, as illustrated in Fig. 7(f).

To gain more insight in the gas sensing mechanism, the zero-bias
transmission spectra of pristine BlueP and its doped systems are cal-
culated before and after the gas adsorption process, see Fig. 8(a)–(f).
The transmission coefficient T(E) of pristine BlueP remains unchanged

after adsorption of CO2 gas molecule. The band gap of pristine BlueP is
preserved for CO2 (1.98 eV) due to the physisorption upon pristine
BlueP. This indicates the low sensitivity of pristine BlueP to CO2 gas
molecule. The band gap of BlueP decreases when the substrate is ex-
posed to CO (1.86 eV), NH3 (1.78 eV), NO2 (0.71 eV), and NO (0.65 eV).
The adsorption of CO and NH3 on pristine BlueP results in an insig-
nificant change of the T(E), while the adsorption of NO and NO2 sig-
nificantly alters the transmission coefficient. The band gap of the doped
BlueP is smaller than that of the pristine BlueP, as shown in Figs. 9(a),
10(a), 11(a), and 12(a), respectively.

The transmission coefficient T(E) of B-doped BlueP is negligibly
modified in the presence of CO2 and the band gap of B-doped BlueP
(1.43 eV) is increased slightly for CO2 (1.47 eV) due to insensitivity of
B-doped BlueP to CO2 gas molecule (Fig. 9(b)). The band gap of B-
doped BlueP increases upon adsorption of CO (1.93 eV) as well as NH3

(1.89 eV) while it is reduced upon adsorption of the NO2 (0.12 eV) and
NO (0.75 eV). The adsorption of CO and NH3 leads to slight change in
T(E) of B-doped BlueP, whereas the spin-polarized transmission spec-
trum is observed for NO and NO2, as shown in Fig. 9(c)–(f).

Fig. 3. (a) The density of states (DOS) of pristine
BlueP and DOS for molecule-BlueP systems and the
projected density of states (PDOS) for (b) CO2, (c)
CO, (d) NH3, (e) NO, and (f) NO2, in the adsorption
system. The positive and negative values represent
spin-up and spin-down states, respectively. Note
that the value for the PDOS of the CO2 is enlarged
by a scale factor of 20. The Fermi energy is as-
sumed to be zero. The insets display side view of
the fully relaxed structure. The H, C, N, O, P atoms
are represented in white, grey, blue, red, and
purple colors, respectively. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)

Fig. 4. (a) The density of states (DOS) of B-doped
BlueP and DOS for molecule- BlueP systems and the
projected density of states (PDOS) for (b) CO2, (c)
CO2 (d) NH3, (e) NO, and (f) NO2 in the adsorption
system. The positive and negative values represent
spin-up and spin-down states, respectively. Note
that the value for the PDOS of the CO2 and NH3 arc
enlarged by a scale factor of 20 and 10, respec-
tively. The Fermi energy is assumed to be zero. The
insets display side view of the fully relaxed struc-
ture. The H, B, C, N, O, P atoms are represented in
white, pink, grey, blue, red, and purple colors, re-
spectively.(For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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The transmission coefficient T(E) of C-doped BlueP is spin-polarized
and the band gap is 0.36 eV as seen from Fig. 10(a). The band gap and
T(E) of C-doped BlueP remain unchanged upon adsorption of CO2, CO,
and NH3 (see Fig. 10(b)–(d)). These results are consistent with the
calculated adsorption energies and charge transfers. The band gap of C-
doped BlueP is increased for NO2 (1.77 eV) and NO (1.09 eV) because
the transmission spectrum of these molecules do not show any spin-
polarization, see Fig. 10(e) and (f). This phenomenon could be attrib-
uted to the strong interaction between NO and NO2 gas molecules and
the substrate.

The transmission coefficient T(E) of N-doped BlueP before and after
adsorption of CO2, CO and NH3 gas molecules shows similar behavior.
The band gap of N-doped BlueP (1.26 eV) is increased slightly upon
adsorption of CO2 (1.29 eV) but it is decreased upon adsorption of CO
(1.18 eV) and NH3 (1.16 eV), as illustrated in Fig. 11(a)–(d). The
transmission coefficient T(E) of N-doped BlueP is spin-polarized for NO2

and NO gas molecules (see Fig. 11(e) and (f)) and the band gap of N-
doped BlueP is reduced for NO2 (0.9 eV) and NO (0.07 eV). The band
gap and T(E) of O-doped BlueP (0.44 eV) remain unchanged for CO2,

CO, NH3 and NO2, as shown in Fig. 12(a)–(e). These results are in
agreement with the calculated adsorption energies and charge transfers.
The adsorption of NO gives rise to spin gapless transmission, indicating
the sensitivity of O-doped BlueP to NO gas molecule (Fig. 12(f)). Note
that the real bandgap value may be larger, since DFT-PBE calculations
underestimate the size of the bandgap [33].

To further probe the performance of pristine BlueP and its doped
systems as a gas sensor, NEGF formalism is employed to calculate the
I–V characteristic along the zigzag and armchair directions. As shown in
Fig. 13(a) and (b), the currents are zero when the bias is less than 2.0 V,
which is attributed to the intrinsic bandgap of pristine BlueP. Fig. 13(a)
exhibits the I-V characteristics along the zigzag direction of pristine
phosphorene with and without the gas molecule adsorption. Under a
bias of 2.4 V, the current passing through the pristine BlueP is about
4.22 μA. However, the current increases to 5.23 μA (10.89 μA) under
the same bias when the BlueP is exposed to NO (NO2) gas molecule.
Therefore, the adsorbed gas molecules increase the conductivity as
compared with the pristine BlueP. On the contrary, the change in the
current induced by NH3, CO and CO2 adsorbents is negligibly small in

Fig. 5. (a) The density of states (DOS) of C-doped
BlueP and DOS for molecule-BlueP systems and the
projected density of states (PDOS) for (b) CO2, (c)
CO, (d) NH3, (e) NO and (f) NO2, in the adsorption
system. The positive and negative values represent
spin-up and spin-down states, respectively. Note
that the value for the PDOS of the CO2, CO, and
NH3 are magnified by a scale factor of 20, 10, and
10, respectively. The Fermi energy is assumed to be
zero. The insets display side view of the fully re-
laxed structure. The H, C, N, O, P atoms are re-
presented in white, grey, blue, red, and purple
colors, respectively. (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. (a) The density of states (DOS) of N-doped
BlueP and DOS for molecule-BlueP systems and the
projected density of states (PDOS) for (b) CO2, (c)
CO, (d) NH3, (e) NO, and (f) NO2 in the adsorption
system. The positive and negative values represent
spin-up and spin-down states, respectively. Note
that the values for the PDOS of the CO2, and CO are
magnified by a scale factor of 20 and 10, respec-
tively. The Fermi energy is assumed to be zero. The
insets display side view of the fully relaxed struc-
ture. The H, C, N, O, P atoms are represented in
white, grey, blue, red, and purple colors, respec-
tively. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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the case of zigzag direction, as illustrated in Fig. 13(a). Under the same
bias condition, the current passing through BlueP with adsorbed CO2,
CO and NH3 along the zigzag direction are calculated as 4.75, 4.31, and
4.12 μA, respectively. The I-V curves of pristine BlueP along the arm-
chair direction are displayed in Fig. 13(b). The current along the
armchair direction is about 10 orders of magnitude smaller than that for
the zigzag direction. The reduction in current indicates the increase in
resistance of this material after the adsorption of NH3, NO, CO and CO2,
which can be measured directly in experiment. Interestingly, the NO2

adsorption induces a negative resistance along the armchair direction in

bias range of 2.6–2.8 V, which is in good agreement with the previous
work for black phosphorene [15].

The currents along the zigzag direction for the B-doped BlueP sheet
are larger than that of pristine BlueP, which implies the chemical ad-
sorption of Co, NH3, NO2 and NO on B-doped BlueP, as shown in
Fig. 14(a). The required minimum voltage bias decreases from 2 to
1.2 V after NO2 adsorption which can be attributed to spin states ap-
peared at the energy gap, as indicated by the transmission spectrum in
Fig. 9(e). Under the voltage bias of 2.2 V, the current passing through
the B-doped BlueP is 0.76 μA and decreases to 0.71 μA when the

Fig. 7. (a) The density of states (DOS) of O-doped
BlueP and DOS for molecule-BlueP systems and the
projected density of states (PDOS) for (b) CO2, (c)
CO, (d) NH3, (e) NO and (f) NO2 in the adsorption
system. The positive and negative values represent
spin-up and spin-down states, respectively. Note
that the values for the PDOS of the CO2 and CO are
magnified by a scale factor of 20. The Fermi energy
is assumed to be zero. The insets display side view
of the fully relaxed structure. The H, C, N, O, P
atoms are represented in white, grey, blue, red, and
purple colors, respectively. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 8. The zero bias transmission spectrum of (a)
pristine BlueP before and after (b) CO2, (c) CO, (d)
NH3, (e) NO2, and (f) NO gas molecules adsorption.
The Fermi level is set to zero. The blue and red
dashed lines represent spin up and spin down
states, respectively. (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 9. The zero bias transmission spectrum of (a)
B-doped BlueP before and after (b) CO2, (c) CO, (d)
NH3 (e) NO2, and (f) NO gas molecules adsorption.
The Fermi level is set to zero. The blue and red
dashed lines represent spin up and spin down
states, respectively. (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the web version of this article.)
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substrate is exposed to CO gas molecule. By contrast, the current in-
creases to 1.54 and 13.20 μA when NH3 and NO2 gas molecules are
adsorbed on the B-doped BlueP, respectively. For the voltage bias larger
than 2.4 V, the current increases sharply after the adsorption of NO. The
current along the armchair direction is about 10 orders of magnitude
smaller than that along the zigzag direction, as shown in Fig. 14(b). We
observe that when the B-doped BlueP is exposed to CO and NH3 gas
molecules current reduces at a voltage bias of 2.8 V while after the NO
adsorption the current increases to 2.75 µA. All currents increase ra-
pidly for the voltage bias larger than 2.4 V. Besides, the NO2 adsorption
on the B-doped BlueP causes a negative resistance along the armchair
direction in the bias range of 2.4–2.6 V.

The NH3 adsorbent increases the current along the zigzag direction
of the C-doped BlueP to 27.95 µA under the bias of 2.6 V, see Fig. 15(a).
In contrast, for the NO2 and NO adsorption, due to strong chemisorp-
tion, where covalent bonds are formed with the substrate, a current
reduction of about 48% and 54% under the same bias condition is

obtained, respectively. This current reduction is elucidated as an in-
crease in the C-doped BlueP resistance, see Fig. 15(a). Along the arm-
chair direction the current amplitude is one-third of that in zigzag di-
rection for C-doped BlueP, as shown in Fig. 15(b). The NH3 adsorption
on the C-doped BlueP causes a negative resistance in bias range of
2.4–2.6 V. We observe extreme reduction of the current along the
armchair direction for NO2 and NO adsorption, see Fig. 15(b). Conse-
quently, this resistance change can be measured directly in experiment.

Fig. 16(a) exhibits the I-V characteristics of zigzag N-doped BlueP
before and after the gas molecule adsorption. Under a bias of 2.2 V, the
current of 1.85 μA passes through the N-doped BlueP. When the N-
doped BlueP is exposed to NH3 and NO, the conductivity increases and
a current of 2.46 and 3.53 μA are passed under the same bias condi-
tions. As the current along the armchair direction for N-doped BlueP is
very small, the change in the current induced by the gas absorption is
negligibly small.

We have calculated the current along the zigzag and armchair

Fig. 10. The zero bias transmission spectrum of (a)
C-doped BlueP before and after adsorption of the
(b) CO2, (c) CO, (d) NH3 (e) NO2, and (f) NO gas
molecules The Fermi level is set to zero. The blue
and red dashed lines represent spin up and spin
down states, respectively. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 11. The zero bias transmission spectrum of (a)
N-doped BlueP before and after the adsorption of
the (b) CO2, (c) CO, (d) NH3 (e) NO2, and (f) NO
gas molecules. The Fermi level is sel to zero. The
blue and red dashed lines represent spin up and
spin down states, respectively. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)

Fig. 12. The zero bias transmission spectrum of (a)
O-doped BlueP before and after the adsorption of
the (b) CO2, (c) CO, (d) NH3 (e) NO2, and (f) NO gas
molecules. The Fermi level is sel to zero. The blue
and red dashed lines represent spin up and spin
down states respectively. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)
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directions for the O-doped BlueP before and after NO adsorption.
Results are shown in Fig. 17(a) and (b). As depicted in Fig. 17(a), upon
NO adsorption, the current along the zigzag direction is∼4 times larger
than that of pristine BlueP under the bias of 3 V. The current along the
armchair direction is about 10 orders of magnitude smaller than that for
the zigzag direction. Under a bias of 2.6 V, the current passing through
the O-doped BlueP is 1.83 µA, but the current under the same bias
condition increases to 3.18 μA after the adsorption of NO gas molecule.

4. Conclusion

In summary, using first-principle calculations, we have studied the
structure, charge transfer, adsorption energies, electronic and transport
properties of the NH3, NO, NO2, CO, and CO2 adsorbed on pristine, B-,
C-, N-, O- doped BlueP. The results indicate that the gas molecule ad-
sorption on BlueP and its doped systems can either increase or decrease
the current passing through it and consequently alter the resistance
which can be measured directly by experiment. For B-doped and C-

Fig. 13. I-V characteristics along the (a) zigzag and (b) armchair directions of
pristine BlueP and BlueP with the gas molecules adsorption. The insets display
the two-probe systems where left and right electrode regions (pink shaded re-
gion) are in contact with the central scattering region along the zigzag or
armchair directions. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 14. I-V characteristics along the (a) zigzag and (b) armchair directions of
B-doped BlueP and B-doped BlueP with the gas molecules adsorption. The insets
display the two-probe systems where left and right electrode regions (pink
shaded region) are in contact with the central scattering region along the zigzag
or armchair directions. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 15. I-V characteristics along the (a) zigzag and (b) armchair directions of
C-doped BlueP and C-doped BlueP with the gas molecules adsorption. The in-
sets display the two-probe systems where left and right electrode regions (pink
shaded region) are in contact with the central scattering region along the zigzag
or armchair directions. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 16. I-V characteristics along the (a) zigzag and (b) armchair directions of
N-doped BlueP and N-doped BlueP with the gas molecules adsorption. The in-
sets display the two-probe systems where left and right electrode regions (pink
shaded region) are in contact with the central scattering region along the zigzag
or armchair directions. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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doped BlueP, the sensitivity to NH3 gas molecules is improved while the
sensitivity to CO gas molecules is enhanced only in B-doped BlueP. The
results render BlueP and its doped systems as suitable candidates for gas
detectors and future gas sensing applications.
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